The James Webb Space Telescope (JWST) will offer the first opportunity to characterize terrestrial exoplanets with sufficient precision to identify high mean molecular weight atmospheres, and TRAPPIST-1's seven known transiting Earth-sized planets are particularly favorable targets. To assist community preparations for JWST observations, we use simulations of plausible post-ocean-loss and habitable environments for the TRAPPIST-1 exoplanets, and test simulations of all bright object time series spectroscopy modes and all MIRI photometry filters to determine optimal observing strategies for atmospheric detection and characterization using both transmission and emission observations. We find that transmission spectroscopy with NIRSpec Prism is optimal for detecting terrestrial, CO 2 containing atmospheres, potentially in fewer than 10 transits for all seven TRAPPIST-1 planets, if they lack high altitude aerosols. If the TRAPPIST-1 planets possess Venus-like H 2 SO 4 aerosols, up to 12 times more transits may be required to detect an atmosphere. We present optimal instruments and observing modes for the detection of individual molecular species in a given terrestrial atmosphere and an observational strategy for discriminating between evolutionary states. We find that water may be prohibitively difficult to detect in both Venus-like and habitable atmospheres due to its presence lower in the atmosphere where transmission spectra are less sensitive. Although the presence of biogenic O 2 and O 3 will be extremely challenging to detect, abiotically produced oxygen from past ocean loss may be detectable for all seven TRAPPIST-1 planets via O 2 -O 2 collisionally-induced absorption at 1.06 and 1.27 µm, or via NIR O 3 features for the outer three planets. Our results constitute a suite of hypotheses on the nature and detectability of highly-evolved terrestrial exoplanet atmospheres that may be tested with JWST.
INTRODUCTION
The discovery of Earth-sized planets in temperate orbits around nearby, low-mass stars opens a new door into the era of terrestrial exoplanet atmospheric characterization (Berta-Thompson et al. 2015; AngladaEscudé et al. 2016; Gillon et al. 2016 Gillon et al. , 2017 Luger et al. 2017b; Dittmann et al. 2017 ). Transmission and emission (secondary eclipse) spectroscopy of transiting rocky worlds with the upcoming James Webb Space Telescope (JWST) may offer a first glimpse into the atmospheres of terrestrial exoplanets (Morley et al. 2017; Kalirai 2018) and a first opportunity to search for signs of habitabil-ity (Lincowski et al. 2018 ) and biosignatures beyond the Solar System (Cowan et al. 2015) .
The TRAPPIST-1 system of seven transiting Earthsized exoplanets (Gillon et al. 2016 (Gillon et al. , 2017 Luger et al. 2017b ) is observationally favorable for the atmospheric characterization of small exoplanets. TRAPPIST-1 is a late M dwarf (M8V; Liebert & Gizis 2006 ) with a small radius (0.121R ; Van Grootel et al. 2018) , which increases planetary transit and eclipse depths; it has a low effective temperature (2511 K; Van Grootel et al. 2018) , which increases the eclipse depth; and it is nearby to Earth (12.2 pc; Gillon et al. 2016) . These system properties increase sensitivity to atmospheric spectral features in transmission and emission spectroscopy, particularly for small, temperate planets.
Observations of the TRAPPIST-1 planets with the Kepler, Hubble (HST), and Spitzer space telescopes sug-gest that the innermost 6 planets do not have primordial, low mean molecular weight atmospheres, but whether they have high molecular weight atmospheres or no atmospheres at all requires observations with future facilities. HST Wide Field Camera 3 (WFC3) transmission spectroscopy has ruled out H 2 -dominated atmospheres for most of the TRAPPIST-1 planets (de Wit et al. 2016 (de Wit et al. , 2018 , and instead they may have secondary outgassed atmospheres composed of relatively high mean molecular weight gases (Moran et al. 2018) . Secondary atmospheres are more difficult to detect-or rule outthan primordial atmospheres, and they may span a large range in temperature, pressure, and composition. Consequently a broad variety of potential atmospheres are consistent with the current modest observational constraints (Delrez et al. 2018; Lincowski et al. 2018) .
Alternatively, the planets could have no atmospheres, although outgassing from the possibly high-volatilecontent interiors of the TRAPPIST-1 planets may make that outcome less likely. Simulations suggest that the TRAPPIST-1 planets could have had their atmospheres completely stripped (e.g. Dong et al. 2018; Airapetian et al. 2017; Roettenbacher & Kane 2017) , although some models of M dwarf planets suggest that atmospheric loss rates may be less than the replenishment rate via outgassing from a planetary interior (Garcia-Sage et al. 2017; Bolmont et al. 2017) , such that atmospheres may be retained. The TRAPPIST-1 planets may also have larger volatile reservoirs than Solar System terrestrials. Masses derived from transit timing variation (TTV) analyses of Kepler (Grimm et al. 2018) and Spitzer observations (Delrez et al. 2018) suggest that the planets have densities between 0.6 to 1.0 ρ ⊕ , consistent with a rocky composition with a significant fraction of ices (Grimm et al. 2018 ). This conclusion is supported by the resonant chain structure of the TRAPPIST-1 system, which suggests inward migration from more volatilerich formation orbits (Luger et al. 2017b) . Determining whether the interplay of planetary processes over time will allow M dwarf terrestrial planets to maintain highmolecular weight atmospheres and support habitability will be key science questions for JWST.
Previous simulations have demonstrated the plausibility of detecting terrestrial atmospheres with JWST for M dwarf planetary systems in general (e.g. Belu et al. 2011; Barstow et al. 2016) , and for the TRAPPIST-1 planets in particular (Barstow & Irwin 2016; Morley et al. 2017; Krissansen-Totton et al. 2018) . Morley et al. (2017) considered Venus-like, Earth-like, and Titan-like atmospheres in thermochemical equilibrium and found that CO 2 -dominated atmospheres could be detected for 6 of the 7 TRAPPIST-1 planets in fewer than 20 transits with JWST NIRSpec/G235M, and secondary eclipse photometry with JWST/MIRI could readily detect thermal emission from TRAPPIST-1 b and c, and possibly d, e, and f. investigated optimal strategies for JWST observations of the TRAPPIST-1 system and found that allowing the NIRSpec Prism to slightly saturate at the peak of the stellar spectral energy distribution (SED) could allow the dominant absorber to be detected in 10 transits of H 2 O, CO 2 , and N 2 dominated atmospheres. Krissansen-Totton et al. (2018) investigated the potential detectability of anoxic biosignatures in the atmosphere of TRAPPIST-1 e and concluded that 10 transits observed with JWST NIRSpec Prism may be sufficient to detect CO 2 and constrain the CH 4 abundance enough to rule out non-biological CH 4 production. Recently, Wunderlich et al. (2019) considered the detectability of photochemically self-consistent Earth-like planets in the habitable zone of various M dwarfs spectral types, including TRAPPIST-1, and found that H 2 O, CH 4 , and CO 2 may be detectable in ∼10 transits with JWST. However, this study did not consider non Earth-like planetary compositions, or the effect of clouds and hazes.
These previous simulations of TRAPPIST-1 planetary atmospheres did not include photochemical forcing by the late M dwarf SED on multiple plausible planetary environments, both habitable and uninhabitable. Photochemistry can have significant impacts on terrestrial atmospheric composition (Segura et al. 2005; Rugheimer et al. 2015) and haze formation (Arney et al. 2017 , which can in turn modify the resultant temperature structure (Lincowski et al. 2018) , impacting the predicted spectrum in both transmission and emission. Models that include photochemistry and haze formation for terrestrial atmospheres will better predict the atmospheric composition, and inform the preparation and interpretation of upcoming observations with JWST (Lincowski et al. 2018) .
In this paper we explore the potential for JWST to detect and characterize the TRAPPIST-1 planetary atmospheres and distinguish between model predictions for evolutionary outcomes and different atmospheric states. As input, we use the climatically and photochemically self-consistent atmospheric and spectral simulations of Lincowski et al. (2018) , who used a rigorous line-by-line 1D radiative-convective-equilibrium climate model coupled with a 1D photochemical model to simulate different habitable and post-ocean-loss environments for the TRAPPIST-1 planets. The atmospheric bulk compositions considered by Lincowski et al. (2018) are motivated by the early high luminosity of late M dwarf stars (Baraffe et al. 2015) like TRAPPIST-1, which may drive early ocean loss and the generation of tens to thousands of bars of O 2 Bolmont et al. 2017; Meadows et al. 2018; Lincowski et al. 2018; Wordsworth et al. 2018) . The final inventory of O 2 may be severely reduced by atmospheric and surface loss processes such that only a few bars of O 2 remain (Schaefer et al. 2016; Wordsworth et al. 2018) . Depending on the initial water inventory, this process may have exhausted the entire planet's water supply, leaving it desiccated, or the planet may have formed with enough water to endure such vigorous loss. For the ocean loss planets with efficient O 2 sinks and ongoing outgassing of volatiles, large quantities of CO 2 may build up, forming a Venus-like atmosphere . Lincowski et al. (2018) also considered a habitable ocean world for TRAPPIST-1 e, for the scenario where it formed with an appreciable H 2 envelope, which was subsequently stripped to reveal a habitable core .
To understand the nature and possibly habitability of terrestrial exoplanets, we will need a systematic approach to environmental assessment that starts with the most scientifically significant and least expensive observation, and builds from there. For terrestrial planets orbiting M dwarfs, the first property to be determined is whether or not they have an atmosphere. If an atmosphere can be confirmed, then subsequent studies will focus on determining the nature of that atmosphere, and whether there are atmospheric characteristics that could discriminate between evolutionary outcomes. Finally, a deeper dive to search for signs of habitability, including the presence of an ocean (see Robinson 2018; LustigYaeger et al. 2018 ) and biosignatures (see Schwieterman et al. 2018 ) may be warranted for planets whose initial characterization does not preclude habitable conditions.
Here we determine the feasibility of atmospheric characterization for the seven known TRAPPIST-1 exoplanets by first identifying optimal instrument selection and experiments to test whether or not the TRAPPIST-1 planets have atmospheres. We then determine how to best detect specific molecules as a second step of atmospheric characterization, and discriminate between different plausible climate and photochemically self-consistent atmospheres (e.g. O 2 -dominated, CO 2 -dominated; Lincowski et al. 2018 ) using JWST transmission and emission photometry and spectroscopy.
The different post-runaway, evolved planet atmospheres considered here are by no means a comprehensive set of evolutionary outcomes, but rather a representative subset of potential physically-and chemicallymotivated atmospheres for which we can predict spectra. By understanding the detectability of spectral discriminants for the TRAPPIST-1 planets we develop informed hypotheses on the nature of these planets that may later be tested with JWST observations. The structure of the paper is as follows: In §2 we present the models and methods used to simulate JWST data and find the optimal JWST modes for detecting and characterizing plausible planet compositions. We describe our results in §3, offer a discussion of the significance of those results in §4, and conclude in §5.
METHODS
In the following subsections we present our methods for assessing the detectability of different self-consistent atmospheric compositions for the seven TRAPPIST-1 planets with different instruments and observational modes available to JWST. We first describe the JWST noise models used in this work ( §2.1), which include a MIRI photometry component and a spectroscopy component using PandExo (Batalha et al. 2017) . We then detail our model inputs ( §2.2), and outline a series of experiments that can be used to successively characterize terrestrial planet environments and determine optimal observing modes ( §2.3).
JWST Noise Modeling
We simulate synthetic exoplanet time-series spectroscopy and photometry with JWST to consider observations during transit (transmission) and secondary eclipse (emission). In the following two subsections we detail our modeling of JWST/MIRI photometry ( §2.1.1) and JWST spectroscopy ( §2.1.2).
JWST/MIRI Photometry
Filter photometry with JWST's Mid-Infrared Instrument (MIRI) imager has been suggested to offer an efficient means of performing an initial characterization of Earth-sized planets around low-mass stars (Morley et al. 2017) . To assess MIRI photometry, we develop a basic MIRI imaging noise model for exoplanet transit and secondary eclipse observations. The number of photons from the planet incident upon the detector is
where T exp is the exposure time, F p is the spectral flux density (e.g. W/m 2 /um) from the planet, T is the filter throughput, A is the telescope collecting area (25 m 2 ), λ is wavelength, ∆λ is the width of the wavelength bin, h is Planck's constant, and c is the speed of light. Note that the exposure time used in our photometry model is discretized in terms of the simulated planet's transit duration, but does not explicitly depend on the MIRI integration times or number of groups per integration, as our time-series spectroscopy noise modeling with PandExo does. Photon conversion efficiency curves for the MIRI imager were acquired online 1 (Glasse et al. 2015) . Photons from the star are calculated analogously using Equation 1 by replacing the planet flux with the stellar flux.
The signal-to-noise (SNR) ratio on the transit depth is given by
where N s is the number of photons from the star, N bg is the number of photons from background sources, and n out is the number of out-of-transit transit durations observed. Background photon noise is calculated using the seven component grey-body model of Glasse et al. (2015) , which includes telescope thermal and scattered zodiacal noise contributions. The SNR on the photons detected from a planet observed in secondary eclipse is given by
where N p is the number of photons from the planet. Derivations of Equations 2 and 3 are provided in Appendix A. Saturation must be considered when planning long exposures necessary to characterize small exoplanets around nearby stars. Using the bright source limits of Glasse et al. (2015) we find that TRAPPIST-1 will saturate MIRI in the two shortest wavelength filters, F560W and F770W, for the shortest exposures allowed in the standard imaging mode. Although these shorter wavelength filters may saturate, we nonetheless consider MIRI photometry in all nine filters (F560W, F770W, F1000W, F1130W, F1280W, F1500W, F1800W, F2100W, and F2550W) to assess the atmospheric information contained in each.
JWST Spectroscopy
We use the JWST time-series spectroscopy simulator PandExo 2 (version 1.1.2; Batalha et al. 2017; Pontoppidan et al. 2016) , to calculate 3-D data cubes for realistic PSF modeling. We refer the reader to Batalha et al. (2017) for a thorough description of the model and its bench-marking.
We consider a broad variety of JWST instruments and modes that are capable of exoplanet transmission and emission spectroscopy and available using PandExo. We include the Near-Infrared Camera (NIRCam; Greene et al. 2007 Greene et al. , 2017 using the grism time-series mode; the Near-Infrared Spectrograph (NIRSpec; Bagnasco et al. 2007; Ferruit et al. 2014 Kendrew et al. 2015) . Table 1 summarizes the different JWST instruments and modes used to simulate transmission and emission spectroscopy of the TRAPPIST-1 system. Specifically, Table 1 lists the instrument, mode, disperser, filter, subarray, read mode, wavelength range, and nominal spectral resolving power used in our PandExo calculations. Table 1 also presents the number of groups per integration, the observing efficiency, and the number of saturated pixels at the end of the ramp for our simulated observations of the TRAPPIST-1 system with each instrument. We use the NIRSpec Prism in three configurations. First, we use the SUB512 subarray (frame time: 0.226 s) with 2 groups per integration set by PandExo to avoid pixel saturation. Second, we use the SUB512s subarray (frame time: 0.144 s) with 3 groups per integration, again set by PandExo. Finally, we simulate a partial saturation strategy by using the SUB512 and SUB512s subarrays with 6 groups per integration to allow for slight pixel saturation near the peak of the SED . This modification improves the duty cycle from 33.3% (50%) to 71.4% for the SUB512 (SUB512s) subarray, as shown in Table 1 (see "Efficiency" column). We refer to this partially saturated NIRSpec Prism mode as "NIRSpec Prism*" hereafter.
Noise Model Inputs
For the stellar input to the PandExo noise model, we approximate the TRAPPIST-1 stellar spectrum, which has yet to be observed, using a PHOENIX stellar model (Husser et al. 2013) with an effective temperature of T = 2511 K, metallicity of [Fe/H] = 0.04, and surface gravity log g = 5.23 (Delrez et al. 2018 ), normalized to the K band magnitude of TRAPPIST-1 (K = 10.30; Grimm et al. 2018 ). However, we ignore the effects of stellar Note-Ngroups is the number of groups per integration and Nsat is the number of saturated pixels at the end of the ramp. The right three columns are outputs from the PandExo JWST noise model specifically for observations of the TRAPPIST-1 system. opacity in the MIR, stellar variability due to rotation and flaring during periods of observation (Vida et al. 2017; Morris et al. 2018) , and heterogeneous stellar photospheres Zhang et al. 2018) . We use the modeled transmission and emission spectra of Lincowski et al. (2018) as inputs into the noise models to assess the detectability of photochemically and climatically self-consistent TRAPPIST-1 planet's atmospheres. The climate model developed by Robinson & Crisp (2018) and Lincowski et al. (2018) uses line-by-line radiative transfer computed by the Spectral Mapping and Atmospheric Radiative Transfer (SMART) code (Meadows & Crisp 1996, developed by D. Crisp) , and can generate top-of-atmosphere planetary radiances and transmission spectra (Robinson 2017 ) of its equilibrium climate and photochemical states. See Lincowski et al. (2018) for a thorough description of the climate and photochemical modeling and subsequent climate results. The stellar spectrum used in the optical through the MIR in Lincowski et al. (2018) is identical to the stellar spectrum used here for the JWST noise model input.
For target exposure times per transit we use the median transit durations for the TRAPPIST-1 planets from Grimm et al. (2018) , and for photometry and spectroscopy noise calculations we assume that an equal amount of time is spent observing in transit/eclipse versus out of transit/eclipse. For PandExo, we assume saturation to be an exposure level 80% of the full well and we impose no strict noise floor for JWST spectroscopy (c.f. Greene et al. 2016) . We compute noise calculations across a grid in the number of transits/eclipses ([1, 100]), and then use these results to derive and report the number of transits/eclipses needed to meet specific atmospheric detection and characterization metrics, as described in the following section.
Observing Experiments
We aim to identify the optimal observing approaches for JWST to (1) detect the presence of the TRAPPIST-1 planet atmospheres, and (2) characterize the composition of the atmospheres, assuming the TRAPPIST-1 planets possess atmospheres similar in nature to the evolved atmospheres modeled in Lincowski et al. (2018) . We consider an atmosphere to be detected when sufficient SNR is achieved on any spectral feature in a transmission or emission spectrum. For atmospheric characterization, we consider a specific molecule in the atmosphere to be detected when sufficient SNR is attained on the contribution to the spectrum from that molecule, which may include multiple bands from a given molecule. Next, we detail our SNR approach for ruling out a fiducial spectrum, and then describe how the method is used to quantify the detectability of atmospheres and specific molecules within them.
SNR Approach
We now define a signal-to-noise ratio approach to determine the confidence with which we can rule out that our data match a fiducial transmission or emission spectrum-which is a featureless spectrum for the case of detecting atmospheres.
For each atmospheric model and JWST instrument considered, we employ the following procedure for both transit and secondary eclipse geometries. First, we run the PandExo JWST noise model across a grid in number of transits/eclipses (n occ ) from 1-100, which is sufficient to establish a simple SNR scaling relationship. Second, we determine the signal-to-noise on the difference between the model spectrum and the fiducial spectrum, and calculate the total expected signal-to-noise SNR (defined below) by summing this difference over wavelength. Finally, we solve for number of transits/eclipses, n occ , such that a given SNR is achieved.
We define the total expected signal-to-noise using a ∆χ 2 test formalism, which is common for model selection applications. For many random drawings of synthetic data with Gaussian noise, the expected value for ∆χ 2 between two models (m 1 and m 2 ) is simply
assuming that the observations with uncertainties σ are truly sampled from one of the models (m 1 in this case), and where the sum is over all N λ spectral elements for a particular instrument. Gaussian noise is not added to the synthetic spectra both to speed up calculation of the mean result, and to avoid any single random data realization from biasing our results (e.g. Feng et al. 2018) . The numerator in the sum in Equation 4 is the "signal" used to discriminate between the two models, while the denominator is the "noise" on the observations. For convenience, we define
which is the individual signal-to-noise contribution from each spectral element to model m 2 being ruled out in favor of model m 1 . Equation 4 may then be rewritten in terms of SNR i and what we refer to as the total expected signal-to-noise
Equation 6 is particularly useful because the quadrature sum over wavelength allows for the comparison between multiple different JWST instruments that may have different spectral resolutions and wavelength ranges, and for a comparison between transmission and emission spectroscopy for the same hypothesis (e.g. the planet does not have an atmosphere).
We caution that Equation 6 is equal to the confidence in the detection of model m 1 in units of standard deviations (number of "sigma" n σ ), only in the case that each model has one degree of freedom. To avoid assumptions on the degrees of freedom and degeneracies associated with spectral models, we simply report SNR with the understanding that these are upper limits on the confidence in the detection. Furthermore, when we report the number of transits/eclipses to rule out the fiducial model to a given SNR , these are lower limits; additional sources of uncertainty and/or retrieval model complexity may require that more transits/eclipses be observed.
We now detail the fiducial spectral models that are used to detect the presence of an atmosphere and the individual molecules with them.
Detecting the presence of an atmosphere
The spectra of planets with atmospheres can be discriminated from the featureless spectra of airless worlds by the presence of spectral absorption features. This approach works best for atmospheres with strong absorption features, but will be challenging for transmission spectroscopy if molecular absorption is suppressed by a high mean molecular weight atmosphere (MillerRicci et al. 2009 ), the presence of clouds and hazes (Berta et al. 2012; Ehrenreich et al. 2014; Knutson et al. 2014; Kreidberg et al. 2014; Nikolov et al. 2015) , or atmospheric refraction (Bétrémieux & Kaltenegger 2014; Misra et al. 2014) . In these cases, higher SNR observations will be required to detect the presence of an atmosphere. Here we assess the detectability of realistic terrestrial atmospheres with clouds and hazes in transmission by comparing their spectra to a baseline featureless spectrum that is modeled as the best-fitting constant planet radius with wavelength. For the corresponding emission spectrum test, we model the featureless spectrum as the ratio of two blackbodies at the stellar effective temperature and best-fitting planetary equilibrium temperature (set by a variable bond albedo).
While there are several "false negative" processes that could suppress the signal from an atmosphere as described above, one "false positive" process is worth considering: the possibility that surface mineralogy could produce wavelength dependent features in emission spectra of airless worlds. However, these features are unlikely to be as prominent as atmospheric features, and this is especially true in realistic cases where multiple reflections occur within the mineral surface. Specif-ically, by Kirchoff's law of thermal radiation, the emissivity is related to the reflectance R by (Nicodemus 1965) 
The emissivity then regulates the efficiency of thermally radiated flux F λ relative to a perfect blackbody B λ (T ) via
for an object with an equilibrium temperature T . However, Equation 8 uses the effective emissivity,
which accounts for the number of reflections n within the material, and ultimately decreases the contrast of mineralogical features in the thermal emission spectrum (Kirkland et al. 2003; Hu et al. 2012) . Figure 1 compares secondary eclipse spectrum models for different assumed end-member planet mineralogical compositions. Emission spectra are shown for planets at the zero bond albedo equilibrium temperature composed solely of quartz, basalt, olivine, pyroxene, hematite, anthorite, enstatite, saponite, and feldspar-a selection of common rocks and minerals found in terrestrial solar system bodies. For comparison, also shown are emission spectra with strong atmospheric absorption features from the climatically and photochemically self-consistent 100 bar O 2 -dominated and 92 bar CO 2 -dominated atmospheres from Lincowski et al. (2018) .
In some cases, mineralogical surface emission features compare in signal contrast to model atmospheric thermal emission features, but under most plausible physical scenarios an airless rock would likely have significantly lower spectral variation than atmospheric features. The single-reflection quartz silicate features between ∼8 − 10 µm and ∼19−23 µm are strong and rival the strength of the atmospheric features caused by O 3 , CO 2 , and H 2 O over this wavelength range. However, single reflections are unlikely, and both multiple reflections and blends of different minerals would decrease the contrasts on features from any one of the representative end-member cases, producing a relatively featureless thermal emission spectrum.
Throughout the rest of the paper, unless otherwise stated, we adopt the assumption that detecting deviations from blackbody emission in a secondary eclipse spectrum are evidence of an atmosphere. However, in §3 we further explore the detectability of quartz silicate emissivity features in the emission spectrum of TRAPPIST-1b observed with MIRI LRS as an optimistic limiting case on the potential signal from an airless body.
Figures 2 and 3 provide a specific example of a test for the presence of a 10-bar CO 2 atmosphere, using both transmission (with NIRSPEC Prism*) and emission (with MIRI LRS) spectroscopy, respectively. The bottom panel of each figure shows a direct comparison between the template spectrum and the featureless model that best fits the template spectrum. The colorcontours show the magnitude of difference between the two spectra in the bottom panel divided by the noise (|SNR i |) as a function of wavelength and number of occultations. The right panels show the total expected SNR, SNR , as a function of number of occultations, which is the total signal of the atmosphere over the wavelength range of the instrument. The quadrature sum over wavelength not only allows for a comparison between different instruments that naturally accounts for the native resolution of and noise incurred by the instrument, but also a comparison between transmission and emission spectroscopy. Comparing Figures 2 and 3 we see that if TRAPPIST-1b possesses a 10 bar high CO 2 atmosphere, detecting that atmosphere by molecular features in the spectrum will require fewer transits with NIRSpec Prism* than secondary eclipses with MIRI LRS. This example demonstrates how we identify optimal observing modes for atmosphere detections, and enables a comprehensive study to determine the exposure times needed detect the presence of an atmosphere as a function of observing mode and atmosphere type.
Unless otherwise stated, throughout the rest of the paper we adopt the convention that an atmosphere is detected if SNR ≥ 5 is achieved on absorption features in the spectrum. We report our results for the detectability of atmospheres at this threshold, but encourage readers to scale our results to their own desired detection thresholds.
Detecting Specific Molecules
To detect individual molecules in the spectrum, we apply the methods described in the previous sections to spectra with and without the absorption features from a given molecular species. To perform these tests we generate additional transmission and emission spectra by running our radiative transfer model for a given atmosphere with each spectrally active molecule removed one at a time. We then use the spectra that are missing contributions from individual molecules as m 2 in Equation 4 and 6 to calculate the SNR on the contribution from each molecule to the spectrum. In this case, rather than a "flat line" test, where we attempt to rule out a featureless spectrum and thereby detect the presence of an atmosphere, here we attempt to rule out a spectrum that does not have a particular gas-for instance H 2 O-and Figure 1 . Secondary eclipse spectrum models of TRAPPIST-1b assuming different end-member planet mineralogical compositions. The black line shows a featureless blackbody curve, corresponding to the zero bond albedo planet equilibrium temperature, from which all of the thermal emission curves from rock forming minerals (thick color lines) deviate due to nonunity, wavelength-dependent emissivities. The three line styles for the quartz curves demonstrate the reduction in effective emissivity due to n reflections within the rock (see equation 9). The thin purple and teal lines show the expected emission spectrum for TRAPPIST-1b if it were to possess a climatically and photochemically self-consistent thick O2-or a CO2-dominated atmosphere, respectively (Lincowski et al. 2018) . thereby detect the presence of H 2 O. This procedure enables the identification of which JWST instruments and modes are sensitive to detecting individual molecules in an observed spectrum and how much time must be spent on any given target to reduce the noise enough to measure the spectral contributions from each molecule. Figure 4 shows the detectability of O 2 in the atmosphere of TRAPPIST-1b with NIRSpec G140H if the planet possesses a desiccated 10 bar O 2 atmosphere. The strong O 2 -O 2 collisionally-induced absorption (CIA) features at 1.06 and 1.27 µm lead to a SNR = 5 detection of O 2 in 7 transits. Therefore, an oxygen dominated atmosphere for TRAPPIST-1b could be ruled out by not detecting these features in 7 transits.
Unless otherwise stated, throughout the rest of the paper we adopt the convention that molecules in the atmosphere are weakly detected if SNR ≥ 3 is achieved on that molecule's contribution to the spectrum, and we report our results for the characterization of atmospheres at this weak detection threshold. Keep in mind that we use a weaker threshold SNR to report detecting individual molecules than for simply detecting the atmosphere, but we encourage readers to scale our molecular detection results to their own desired thresholds.
RESULTS
Here we present the full results of our simulations on the detectability and characterization of the TRAPPIST-1 exoplanet atmospheres using JWST. First, we assess the JWST observations needed to detect the presence of an atmosphere for the TRAPPIST-1 planets ( §3.1). We then address the detectability of individual molecules within the TRAPPIST-1 planet spectra that may be used to distinguish between different atmospheric states and evolutionary scenarios ( §3.2).
Detecting Atmospheres
We simulate the detectability of the TRAPPIST-1 planetary atmospheres with MIRI photometry ( §3.1.1), transmission spectroscopy ( §3.1.2), and emission spectroscopy ( §3.1.3).
JWST/MIRI Photometry
MIRI photometry may be advantageous for initial assessments prior to the potentially long time commitment necessary to observe the spectrum of the Earth-sized TRAPPIST-1 planets with JWST. We investigate both transit and eclipse photometry with the nine MIRI pho- Signal-to-noise contours on the simulated 10 bar high CO2 transmission spectrum, observed with JWST/NIRSpec Prism with 6 groups per integration, relative to a featureless spectrum as a function of the number of transits observed and wavelength of the instrument. The bottom panel shows the noiseless spectrum (black) and the best-fitting featureless spectrum (orange), both convolved to the instrument resolution. The right panel shows how the total expected SNR from Equation 6 increases with more transits observed.
tometric filters spanning wavelengths from about 5 to 27 µm (Bouchet et al. 2015) . We first present results that may help to constrain the presence of an atmosphere from secondary eclipse observations in a single MIRI photometric band using brightness temperature arguments. We then present results for transit and eclipse observations in multiple filters, using the tests described in §2.3.2, to assess the observational requirements for ruling out a featureless spectrum.
Single-Band Constraints -We calculate brightness temperatures for each of our self-consistent atmosphere models (Lincowski et al. 2018) to help plan and interpret photometric assessments of the TRAPPIST-1 planets in secondary eclipse. Figure 5 shows brightness temperature as a function of wavelength for TRAPPIST1b for different assumed atmospheres. The wavelengthdependent fluxes were also convolved with the nine MIRI filters to calculate the brightness temperature of each atmosphere model, shown as color points in Fig. 5 . The horizontal dashed line shows the zero bond albedo equilibrium temperature of TRAPPIST-1b-a limit which a planet without additional internal geothermal or at- Signal-to-noise contours on the simulated 10 bar high CO2 emission spectrum observed with JWST/MIRI/LRS relative to a featureless spectrum as a function of the number of occultations observed and wavelength of the instrument. The bottom panel shows the noiseless spectrum (black) and the best-fitting featureless spectrum (orange), both convolved to the instrument resolution. The right panel shows how the total expected SNR from Equation 6 increases with more eclipses observed. mospheric greenhouse heating would not be expected to exceed. Figure 5 also provides the SNR on the depth of a single observed secondary eclipse, averaged over the atmospheric models and displayed increasing from top to bottom on the right y-axis.
A few of the possible TRAPPIST-1b atmospheres, in particular the Venus-like and outgassing O 2 atmospheres, have brightness temperatures that exceed the zero bond albedo equilibrium temperature in a handful of the MIRI photometric bands. Like Venus, the 10 and 92 bar CO 2 atmospheres have 6 µm windows that provide a glimpse into their hotter, greenhouse heated, lower atmospheres. The F560W MIRI filter could potentially detect this emission. The 10 and 100 bar O 2 outgassing atmospheres also have strong emission windows near 11.5 µm, between the 9.6 µm O 3 band and the 15 µm CO 2 band, which could be detected with the F1130W MIRI filter. The 10 and 92 bar CO 2 atmospheres have sufficiently strong CO 2 absorption to saturate the wings of the 15 µm band and cause a significantly lower brightness temperature at 10-12 µm compared to atmospheres not dominated by CO 2 . The 10 and 92 bar CO 2 atmospheres also exceed the maxi- mum equilibrium brightness temperature beyond about 22 µm, however the F2550W MIRI filter may lack the SNR to provide constraining information. Despite the few cases with potentially detectable high brightness temperatures, the overwhelming majority of atmospheric models viewed through MIRI filters have brightness temperatures that are consistent with a plausible planetary bond albedos (between 0 and 1), including in the 12-18 µm wavelength range where outgoing thermal radiation is strongly absorbed by the broad 15 µm CO 2 band. In the atmospheres that we considered, no single photometric band stands out above the rest as providing a definitive detection of an atmosphere via an emission window. However, using secondary eclipse observations in multiple MIRI filters in and out of the strong 15 µm CO 2 feature may be used to detect the presence of an atmosphere. We discuss this point later in this section.
Although Figure 5 only shows brightness temperatures for TRAPPIST-1b, Table 3 in Appendix C lists the brightness temperature in each MIRI imaging filter for each TRAPPIST-1 planet atmosphere considered here. Table 3 also contains calculations for the Warm Spitzer photometric filters. We note, however, that the SNR on secondary eclipses decreases rapidly with planet equilibrium temperature, making precise eclipse photometry beyond TRAPPIST-1c largely infeasible with JWST.
Multi-Band Constraints -We now turn to constraints that may be placed on the existence of an atmosphere using a combination of any of the nine MIRI photometric bands to observe either transits or eclipses. For each type of atmosphere, we determine the number and set of MIRI filters that can detect the atmosphere using transit and eclipse photometry in the minimum number of total occultations, assuming an equal number of occultations are observed in each filter. In all cases, 2-3 MIRI filters is optimal for detecting deviations from a featureless spectrum and additional filters are costly given their marginal increase in atmospheric detectability. The F1500W filter is always optimal to include due to the presence of CO 2 in these atmospheres. For transit photometry, the F1500W filter is best combined with F560W for CO 2 -dominated atmospheres and F770W for O 2 -dominated atmospheres, and typically just 2 filters is optimal. For eclipse photometry, the F1500W filter is best combined with F560W, F770W, and/or F1130W, and typically 3 filters is optimal.
The left panel of Fig. 6 shows the total number of transits (blue lines) and eclipses (red lines) needed to detect different atmospheric compositions for each of the seven known TRAPPIST-1 planets using the optimal 2 or 3 MIRI photometric filters. Plotting the number of occultations (transits or eclipses) as a function of the TRAPPIST-1 planets, ordered by semi-major axis, reveals a general trend according to the observation method: emission photometry is comparable with transmission photometry at detecting atmospheres for the innermost/hottest planets (e.g. TRAPPIST-1b and c), but becomes increasingly less efficient as the planets decrease in equilibrium temperature; whereas transmission photometry increases in observational time much more gradually with equilibrium temperature. This strong scaling with temperature occurs because the planet emission, at wavelengths contributing most to the detection of molecular features, is not in the Rayleigh-Jeans limit. The left panel of Fig. 6 implies that determining whether or not the potentially habitable TRAPPIST-1 planets (e, f, and g) have atmospheres will be much more efficient with transit photometry than eclipse photometry.
The high CO 2 atmospheres may be surprisingly difficult to distinguish with eclipse photometry because the wings of the 15 µm CO 2 band saturate and extend many microns on either side. This strong absorption effectively mutes the planet's emitted flux, creating a nearly featureless spectrum. Consequently, MIRI eclipse photometry at 12.8 µm and 18 µm (F1280W and F1800W filters, respectively) may not be sufficiently separated from 15 µm (F1500W) to avoid substantial contamination from the wings of strong CO 2 absorption (see the orange curve in Fig. 5 ), making these filters ineffective for continuum measurement. Instead, the F1130W filter may be better at probing deeper into the atmosphere.
JWST Transmission Spectroscopy
We now present results on the detectability of the TRAPPIST-1 planet atmospheres using transmission spectroscopy with JWST. We begin with a few specific examples of detectable TRAPPIST-1 atmospheres to demonstrate the size of molecular absorption features relative to the expected JWST noise, and then present our full ensemble of results for each TRAPPIST-1 planet, atmosphere, and JWST instrument.
Specific Examples of Atmospheric Detection - Figure 7 shows an example detection of absorption features in the transmission spectrum of TRAPPIST-1 b assuming it possesses a clear 10 bar CO 2 atmosphere. The transmission spectrum is shown with synthetic data simulated for two transits observed with NIRSpec Prism*, which we find to be sufficient to rule out a featureless spectrum with SNR = 5 (our fiducial detection limit). The synthetic data are shown binned to a resolution of R = 8, however the featureless spectrum was ruled out at the native resolution of the NIRSpec Prism (R ≈ 100). CO 2 absorption features at 1.6, 2.0, 2.8, 4.3 µm drive the detectability of this atmosphere and are apparent in the synthetic data. Figure 8 demonstrates possible transmission spectra of TRAPPIST-1 c for two different aerosol conditions. Both cases are CO 2 -dominated spectral models from Lincowski et al. (2018) with simulated noise for observations with NIRSpec Prism*. The number of transits observed for each model is calculated such that the atmosphere is strongly detected with SNR = 10. The blue model shows a clear sky spectrum with large CO 2 absorption features and data uncertainties calculated for 16 observed transits. The red model includes H 2 SO 4 clouds at altitudes consistent with H 2 SO 4 condensation, Figure 6 . Number of transits (blue) or eclipses (red) needed to detect an atmosphere for all seven known TRAPPIST-1 planets with MIRI photometry (left) and JWST spectroscopy (right). Line and marker styles designate the type of atmosphere assumed. MIRI imaging assumes that the number of occultations are split evenly between the 2-3 photometric filters that are optimal to detect each atmosphere (see §3.1.1). Transmission spectroscopy is shown using NIRSpec Prism* (see §3.1.2) and emission spectroscopy is shown using MIRI LRS (see §3.1.3). Detecting the atmospheres of the TRAPPIST-1 planets is optimal using transmission spectroscopy with NIRSpec Prism across a range of terrestrial atmospheric compositions. with data uncertainties calculated for 72 observed transits. The aerosol-free atmosphere has strong CO 2 features that can be detected in considerably fewer transits than the case with Venus-like H 2 SO 4 aerosols. The selfconsistent clouds are located high enough in the atmosphere that over 70 transits are required to detect the CO 2 absorption features with the same confidence as the clear sky case. If TRAPPIST-1 c possess Venus-like aerosols, then about 5× more transits must be observed to achieve comparable constraints on the presence and composition of TRAPPIST-1 c's atmosphere, than our estimates for the clear-sky case.
We find a factor of ∼4 variation in the number of transits needed to detect the atmosphere of TRAPPIST-1e depending on the type of terrestrial atmosphere it possesses. Figure 9 explores the detectability of molecular features in the transmission spectrum of TRAPPIST-1 e. Like Fig. 8, Fig. 9 shows possible TRAPPIST-1 e model spectra with simulated NIRSpec Prism* observations assuming the number of transits needed to strongly detect features in each atmosphere with SNR ≈ 10. Spectra for water-covered environments with and without a water cloud are shown in teal and blue, respectively, and CO 2 -dominated atmospheres, with and without H 2 SO 4 aerosols are shown in orange and red, respectively. To detect features in each spectrum with SNR ≈ 10 ( SNR ≈ 5), and thereby obtain approximately equal constraints on the presence of TRAPPIST1e's atmosphere, will require ∼30 (∼7) transits for a clear sky CO 2 atmosphere, ∼50 (∼13) transits for a clear sky aqua planet atmosphere, ∼90 (∼22) transits for a cloudy aqua planet atmosphere, and ∼120 (∼30) transits for a CO 2 -dominated atmosphere with H 2 SO 4 clouds. Optimal JWST Observing Modes for Atmospheric Detection -Thus far we have only discussed specific cases for the detectability of the TRAPPIST-1 planet atmospheres with JWST transmission spectroscopy; we now report results from our comprehensive study to determine the exposure times needed detect the presence of atmospheres as a function of JWST observing mode and atmosphere type, for each TRAPPIST-1 planet. The number of transits necessary to detect spectral features in the transmission spectrum with SNR = 5 for TRAPPIST-1 b, c, d, e, f, g, and h are shown in Appendix B in Figures 13, 14, 15, 16, 17, 18 , and 19, respectively, as a function of both atmospheric compositions and JWST instrument/mode. Color is used in these figures to guide the eye to small (more blue) and large (more white) values for the number of transits. These results suggest that under most circumstances the JWST/NIRSpec Prism is the optimal instrument for detecting the presence of an atmosphere using transmission spectroscopy of the TRAPPIST-1 planets. If a partial saturation strategy is used with the NIRSpec Prism , then it will be more capable of detecting atmospheric features than any other JWST instrument or mode. However, if it turns out that the systematics introduced via partial saturation are not beneficial, the SUB512S subarray will offer improved performance over the SUB512 subarray due to its shorter readout time. Although we note that SUB512 should be considered the subarray of choice because SUB512s has limited access to important background pixels and it may be difficult to keep the curved trace inside only 16 pixels in the cross-dispersion direction. The NIRSpec G395M/H disperser offers comparable results with the standard (no partial saturation) NIRSpec Prism.
Most of the atmospheres that we consider may require fewer than 12 transits to detect for all of the TRAPPIST-1 planets using the optimized NIRSpec Prism mode. Figure 10 displays the number of transits to detect the TRAPPIST-1 planet atmospheres using only the NIRSpec Prism* instrument for each TRAPPIST-1 planet and for each atmosphere considered in this work.
Our results show that the outer TRAPPIST-1 planets require only 2-7 more transits than TRAPPIST-1 b to detect clear-sky atmospheres. The right panel of Fig.  6 summarizes the best-case-scenario results for detecting the atmospheres of the TRAPPIST-1 planets with JWST transit spectroscopy (blue lines). The number of transits required to detect the atmosphere at SNR = 5 for each of the atmospheric models is shown for observa- Figure 9 . Simulated JWST/NIRSpec Prism* transmission spectra of TRAPPIST-1e for different possible atmospheric compositions. The teal and blue models show spectra for water-dominated atmospheres, with and without a water cloud, respectively. The orange and red spectra are for CO2-dominated atmospheres, with and without H2SO4 aerosols, respectively. The number of coadded transits simulated for each NIRSpec observation are set so that the atmosphere is strongly detected ( SNR = 10). That is, to obtain approximately equal constraints on the presence of TRAPPIST-1e's atmosphere will require ∼30 transits for a clear sky CO2 atmosphere, ∼50 transits for a clear sky H2O atmosphere, ∼90 transits for a cloudy H2O atmosphere, and ∼120 transits for a CO2-dominated Venus-like atmosphere.
tions with NIRSpec Prism*. Like our transit photometry results, the number of transits only weakly increases with semi-major axis. However, significantly fewer transits are required for transmission spectroscopy atmosphere detections with NIRSpec Prism* than with MIRI filter photometry. The emission spectroscopy results in Fig. 6 (red lines) are discussed in §3.1.3. The atmospheric composition of the planets has a relatively minimal effect on the number of transits needed to rule out a featureless spectrum, with Venus-like clouds being a significant exception. All atmospheric cases considered for TRAPPIST-1 c could be detected in 3-4 transits with NIRSpec Prism*, except for the 10 and 92 bar Venus atmospheres (with H 2 SO 4 aerosols), which would require 4.5× and 5.5× the number of transits to detect, respectively, compared to the 10 and 92 bar clear-sky CO 2 counterparts. In general, more transits tend to be required to detect the atmospheres of the cooler worlds, except for TRAPPIST-1 d, which is more comparable to TRAPPIST-1 b in the detectability of its atmosphere. While the atmosphere of TRAPPIST-1 d may be relatively easy to detect if it is without clouds, with clouds the 10 and 92 bar CO 2 atmospheres require 7.5× and 12× the number of transits to detect, respectively, the largest increase due to clouds seen in the sample. Beyond TRAPPIST-1 e the effect of Venus-like clouds has a diminished impact on the atmospheric detectability, with fewer than 2× the number of transits required to detect the atmospheres for TRAPPIST-1 f, g, and h if they have clouds.
Note that the numerical values in Figure 10 and Figures 13 -19 can easily be scaled to higher or lower SNR thresholds that more or less confidently rule out a featureless spectrum. Since the SNR on an observation (and SNR ) scales with the square-root of the exposure time, and the number of occultations is a proxy for exposure time, we can obtain a new value for the number of occultations:
where N occ is the number of occultations necessary to distinguish features in the spectrum with SNR (5 in Figures 10, 13 -19 ) and SNR is the new signal-tonoise threshold. The increased transit duration with semi-major axis make our results for the outer TRAPPIST-1 planets appear more optimistic relative to our results for the inner planets. Note that for JWST planning, our reported number of transits/eclipses leads to different telescope time for each TRAPPIST-1 planet since each has a different transit duration. For each observed transit (eclipse) we assumed one transit duration worth of out-of-transit (out-of-eclipse) observing time. Considering the following median transit durations for the TRAPPIST-1 planets from Grimm et al. (2018) JWST is not always able to point at TRAPPIST-1 due to the star's proximity to the ecliptic plane. As a result, the star will only be observable to JWST for ∼100 days per year 4 . Over the course of JWST's nominal 5 year mission the maximum number of observable transits/eclipses is approximately: 331 for b, 206 for c, 123 for d, 81 for e, 54 for f, 40 for g, and 26 for h. Of course, an extended mission lifetime would allow considerably more observations of the TRAPPIST-1 system.
JWST Emission Spectroscopy
Unlike transmission spectroscopy, which can make use of many JWST instruments that span a broad wavelength range (e.g. NIRCam, NIRSpec, NIRISS, and MIRI LRS), secondary eclipse spectroscopy of the TRAPPIST-1 planets will only be viable at the longer wavelengths accessible to JWST. This is primarily driven by the increase in eclipse depths with wavelength as the planet-star contrast ratio becomes more favorable.
We find that only MIRI LRS observations of TRAPPIST-1 b and c may potentially rule out a featureless emission spectrum with SNR = 5 in fewer than 100 observed secondary eclipses. Using an analogous approach to that shown in Figures 13 -19 , MIRI LRS observations of TRAPPIST-1 b may rule out a featureless emission spectrum in 27-47 secondary eclipses if the planet possess a (10 or 92 bar) clear-sky CO 2 atmosphere or a (10 or 100 bar) outgassing O 2 atmosphere, with the 10 bar outgassing O 2 atmosphere the most readily detectable. Over 100 secondary eclipses are required if the planet possesses a desiccated O 2 atmosphere (10 or 100 bars), as these emission spectra appear remarkably featureless between 5-9 µm. For TRAPPIST-1 c we find that MIRI LRS observations could rule out a featureless emission spectrum in 85-100 secondary eclipses if the planet possesses a (10 or 92) bar clear CO 2 atmosphere or a 10 bar O 2 atmosphere with outgassing. Over 100 secondary eclipses are required for all other atmospheric compositions considered for TRAPPIST-1 c, including the CO 2 atmospheres with H 2 SO 4 clouds, which have emission spectra similar to the clear CO 2 atmospheres, but with reduced temperature contrasts in the absorbing and emitting spectral regions that effectively mute the features and drive the spectrum towards a featureless blackbody. All of the exterior TRAPPIST-1 planets have emission spectra that will appear indistinguishable from cool blackbodies due to insufficient SNR.
The right panel of Fig. 6 summarizes the bestcase-scenario results for detecting the atmospheres of the TRAPPIST-1 planets with JWST emission spectroscopy (red lines) to compare against our filter pho- ): 0 (blue), 5 (orange), and 10 (green). The bottom panel shows theoretical secondary eclipse spectra for TRAPPIST-1b assuming the effective emissivities from the top panel. The inset axis shows the number of secondary eclipses that would be required to observe with MIRI LRS to detect features in the emission spectrum with a SNR = 2.0, for each of the three assumed effective emissivities. Only an extremely polished pure quartz surface could possibly be detected with JWST. tometry and transmission spectroscopy results. The number of eclipses required to detect the atmosphere at SNR = 5 for each of the atmospheric models is shown for observations with MIRI LRS. Compared with transmission spectroscopy, emission spectroscopy is an inefficient method for detecting the TRAPPIST-1 planetary atmospheres, particularly for the cooler planets.
If TRAPPIST-1b does not possess an atmosphere, emissivity features from minerals on the surface of the planet are not likely to be detectable in secondary eclipse thermal emission spectra. Figure 11 shows the estimated thermal emission spectrum of TRAPPIST-1b if it is airless and possesses a pure quartz surface. Three different effective emissivities are shown in the top panel, corresponding to 0 (blue), 5 (orange), and 10 (green) surface reflections (see Equation 9 ). The bottom panel shows the MIR secondary eclipse spectrum for each surface emissivity, assuming the surface is at the (highly optimistic) zero bond albedo equilibrium temperature for TRAPPIST-1b (392 K). The inset axis shows the number of secondary eclipses that MIRI LRS would have to observe to detect features in each emission spectrum at a weak SNR = 2.0. Increasing the number of surface reflections results in surface emissivity features that are not detectable.
Distinguishing Specific Molecules
We now present the sensitivity of each JWST instrument to each gas in the Lincowski et al. (2018) TRAPPIST-1 model transmission spectra. Table 2 lists the molecules for which JWST could weakly detect ( SNR = 3.0) that molecule's contribution to the spectrum in 100 or fewer transits. For each molecule, the number of transits is listed in parentheses next to each molecular formula along with a footnote identifying which JWST instrument is used for that observation. While in some cases multiple instruments may be sensitive to the same molecule, we list only the instrument that can detect each gas in the minimum number of transits.
The presence of CO 2 dominates the detectability of all the atmospheres simulated in Lincowski et al. (2018) with JWST. Even a relatively small amount of CO 2 (e.g. ∼290 ppm for the 1 bar H 2 O TRAPPIST-1 e) can saturate the strong 2.7, 4.3, 15 µm CO 2 absorption features and lead to the detection of both the atmosphere and CO 2 . As a result, the number of transits necessary to detect spectral features in a transmission spectrum, given in Section 3.1.2, are close to the number of transits necessary to detect CO 2 . In some cases, the number of transits to detect CO 2 is fewer than that needed to simply detect the atmosphere. This is because the spectral model without CO 2 deviates more significantly from the true spectrum than the best-fitting featureless spectrum. In these cases it is important to defer to the number of transits required to rule out a featureless spectrum, because it provides a more realistic fit to the spectrum.
The inner TRAPPIST-1 planets may have several detectable molecules that can be used to distinguish between different evolutionary scenarios. H 2 O and SO 2 may be marginally detectable with MIRI LRS transmission spectra of the inner TRAPPIST-1 planets-b, c, and d-if they possess clear sky CO 2 atmospheres. However, if these planets possess H 2 SO 4 clouds then the H 2 O and SO 2 may be undetectable. Alternatively, if TRAPPIST-1 b, c, and d have oxygen-dominated atmospheres then O 2 should be distinguishable via O 2 -O 2 (O 4 ) CIA features at 1.06 and 1.27 µm, which are slightly more detectable with NIRSpec G140M/H than the NIRSpec Prism*. An oxygen-dominated planet with outgassing may be distinguished from a completely des- TRAPPIST-1 e offers an opportunity to characterize a planet in the habitable zone with JWST. Like the inner TRAPPIST-1 planets, O 2 may be detectable in the spectrum of an oxygen-dominated atmosphere via the O 2 -O 2 CIA features. However, modern Earth levels of O 2 and O 3 , and Earth geologic levels of CH 4 in a 1 bar N 2 -dominated atmosphere are not likely to be detectable. If TRAPPIST-1 e possesses such a habitable environment without clouds, tropospheric H 2 O may be detectable using the NIRSpec Prism*. However, with full cloud coverage the detectability of H 2 O strongly diminishes and becomes unobservable. The broad 4.3 µm N 2 -N 2 CIA feature may be marginally detectable in a 1 bar habitable N 2 -dominated atmosphere with NIRSpec G395M/H. The 9.6 µm O 3 feature would require just over 100 transits with MIRI LRS to detect at SNR = 3.0 in the clear sky 1 bar N 2 -dominated atmosphere; approximately twice the number of transits would be required if the planet possesses 100% water cloud coverage.
For the outer planets-TRAPPIST-1 f, g, and hmodest atmospheric characterization with transmission spectroscopy may be possible. In particular, oxygendominated atmospheres may be distinguished not only by their prominent O 2 -O 2 CIA features, but also by their O 3 features, which become more detectable with the NIRSpec Prism* than the O 2 -O 2 features for the coolest TRAPPIST-1 planets.
The observational difficulty with which individual molecules may be detected in a transmission spectrumbulk atmospheric constituents or trace gases-varies substantially as a function of atmospheric composition. Consequently, the gases that are both relatively easy to detect and unique to a specific atmosphere make optimal testable hypotheses for that atmospheric composition. Figure 12 demonstrates a potential approach for distinguishing between three different atmospheric states for TRAPPIST-1 b using JWST transmission spectroscopy. The models are shown with calculated error bars that correspond to the amount of JWST observing time that would be required to detect specific molecules in the given spectrum.
In the top panel of Fig. 12 , the spectrum of a 10 bar desiccated oxygen atmosphere displays prominent O 4 features that may be detected with SNR ∼ 5 in 12 transits with NIRSpec G140H. This is a strong discriminant between an O 2 -dominated atmosphere and a CO 2 -dominated atmosphere, both of which have strong and detectable CO 2 features.
The spectrum of a 10 bar oxygen atmosphere with outgassing is shown in the middle panel of Fig. 12 . This spectrum has similarly detectable O 4 features to the desiccated atmosphere, but also substantial H 2 O features (due to Earth levels of geological fluxes) that may be detected with SNR ∼ 5 in just 3 transits with NIRSpec Prism*. Such strong water absorption in an oxygendominated atmosphere would indicate incomplete desiccation.
The spectrum of a 10 bar CO 2 atmosphere is shown in the bottom panel of Fig. 12 . This spectrum contrasts with the outgassing oxygen atmosphere in the detectability of H 2 O. Water in a Venus-like atmosphere is scarce, particularly in the upper atmosphere, which would require ∼125 transits with either NIRSpec Prism* or MIRI LRS to detect with SNR ∼ 5. The added benefit of making this costly observation with MIRI LRS is that SO 2 could also be detected with SNR ∼ 5 from the 7.3 and 8.7 µm features. Nonetheless, detecting any gases other than CO 2 in a CO 2 -dominated atmosphere will be very difficult.
DISCUSSION
Our results indicate that JWST observations may be able to place strong constraints on the presence of high mean molecular weight terrestrial atmospheres for all of the TRAPPIST-1 planets and, in some cases, detect individual touchstone molecules that may be used to distinguish between different evolutionary histories that the planets may have undergone.
Do the TRAPPIST-1 planets have atmospheres?
For detecting the presence of atmospheres on the TRAPPIST-1 planets, we find that NIRSpec Prism observations are optimal. Transmission spectroscopy with the NIRSpec Prism could lead to a SNR = 5 detection of atmospheric spectral features in as few as 2-11 transits for TRAPPIST-1 b out to TRAPPIST-1 h if the planets lack high altitude aerosols. However, if the TRAPPIST-1 planets possess Venus-like H 2 SO 4 aerosols, reaching the same constraints on the presence of atmospheres may require up to 12 times more transits. CO 2 possesses numerous strong absorption bands from the nearthrough the mid-IR, such as the 2.0, 2.7, 4.2, and 15 µm bands, which significantly contribute to the ability for JWST to detect the terrestrial atmospheres considered in this work.
Our self-consistent Venus-like H 2 SO 4 aerosol modeling reveals trends in the detectability of such atmospheres with semi-major axis. Lincowski et al. (2018) found that TRAPPIST-1 b was too hot for Venus-like aerosols to form in the atmosphere, but that H 2 SO 4 aerosols could form in all six exterior planets. These aerosols form at high altitudes in the atmospheres of TRAPPIST-1 c, d, and e and lead to muted CO 2 features that will require about 4-12 times more transits to be detected with JWST. However, TRAPPIST-1 f, g, and h are cool enough for the H 2 SO 4 aerosols to form at lower altitudes (Lincowski et al. 2018) , and therefore contribute less to their observable transmission spectra such that their atmospheres may be detected in fewer than 2 times the number of transits compared to the clear sky CO 2 cases for the same planets. Cloudy Venus-like atmospheres for TRAPPIST-1 f, g, and h require fewer transits to detect than cloudy Venus-like atmospheres for TRAPPIST-1 c, d, and e.
Secondary eclipse spectroscopy may require a significantly greater JWST time commitment than transmission spectroscopy to achieve comparable constraints on the detection of the TRAPPIST-1 planet atmospheres. Because of its access to longer wavelengths, MIRI LRS is the only JWST instrument capable of observing eclipse spectra of the TRAPPIST-1 planets with high enough SNR to detect absorption features in the spectra that we considered. However, our estimates for the JWST observing time required to detect emission spectrum features with MIRI LRS dwarfed the time required for spectral features to be detected in transmission spectra with NIRSpec, NIRISS, and NIRCam (see Figs. 6, [13] [14] [15] [16] [17] [18] [19] . Furthermore, the disparity between transmission and emission spectroscopy only broadens with semi-major access, making precise MIRI LRS emission spectroscopy beyond TRAPPIST-1c infeasible with JWST. Our selfconsistent planet models reveal that atmospheres with high altitude aerosols-that may appear featureless in a transmission spectrum-may also appear featureless in an emission spectrum as thermal flux is emitted and/or scattered from near the top of the cloud deck.
Initial photometric assessments of the TRAPPIST-1 system with MIRI filter photometry are unlikely to provide more efficient preliminary results than transmission spectroscopy in the NIR with NIRSpec, NIRISS, or NIRCam. Our MIRI transit and eclipse photometry modeling showed that detecting the presence of atmospheres would require approximately an order of magnitude more JWST time than NIRSpec Prism transmission spectroscopy. This is due to (1) the higher SNR on transits afforded to NIRSpec near the peak of the stellar SED in the 1-3 µm range, (2) the usefulness of spectral resolution for atmospheric detections via deviations from a featureless spectrum, and (3) the need to observe transits in each MIRI filter separately to gain any meaningful wavelength resolution. Figure 12 . Theoretical transmission spectra of TRAPPIST-1 b assuming three different atmospheric compositions with modeled noise for JWST observations. Top: Transmission spectrum of a 10 bar desiccated O2 atmosphere shown with error bars calculated for 12 transits with NIRSpec G140H-sufficient for SNR ∼ 5 on the O4 features. Middle: Transmission spectrum of a 10 bar outgassing O2 atmosphere shown with error bars calculated for 3 transits with NIRSpec Prism*-sufficient for SNR ∼ 5 on the H2O features. Bottom: Transmission spectrum of a 10 bar CO2 atmosphere shown with error bars calculated for 125 transits with NIRSpec Prism*-sufficient for SNR ∼ 5 on the NIR H2O features-and 125 transits with MIRI LRS-sufficient for SNR ∼ 5 on both the 6 µm H2O feature and the 7.3 and 8.7 µm SO2 features.
However, targeted MIRI photometric observations may still provide useful atmospheric constraints. Detecting the presence of atmospheric greenhouse heating may be done by inferring brightness temperatures that exceed the zero bond albedo equilibrium temperature. However, this will depend on the accuracy of MIRI's absolute flux measurements. Specific wavelength bands where the observed atmosphere is optically thin, and therefore emits from hotter depths, provide the key observable. However, these observations may only be feasible for TRAPPIST-1 b and c due to their higher expected thermal emission. The 11.3 µm MIRI fil-ter (F1130W) may be optimal for such measurements because it is sufficiently separated from the strongly absorbing 15 µm CO 2 band. The 5.6 µm MIRI filter (F560W) may also be optimal for detecting high thermal emission from TRAPPIST-1 b and c, if saturation on the star can be avoided in this bandpass. Transit and/or eclipse photometry targeting the 15 µm CO 2 band with the F1500W MIRI filter, and neighboring filters, could be used to detect the atmosphere, but our work shows that targeting the strong 4.2 µm CO 2 feature with NIRSpec Prism transmission spectroscopy will be a much more efficient approach for detecting CO 2 in an atmosphere.
Detecting wavelength-dependent surface emissivity features in the emission spectrum of a planet without an atmosphere will be highly unlikely with JWST. Even for the optimistic case-TRAPPIST-1 b with a pure and smooth quartz surface-we find it would require ∼90 secondary eclipses with MIRI LRS to detect the mid-IR silicate absorption (see Fig. 11 ). Consequently, detecting surface features on an airless world would be extremely challenging. This validates our assumption that an airless planet will likely appear featureless in emission, and that detecting spectral features due to surface emissivity variations is an inefficient means to confirm that a planet is airless. Furthermore, this strengthens the case for transmission spectroscopy, which can detect the high mean molecular weight atmosphere of a Venuslike planet enshrouded in H 2 SO 4 clouds in just ∼20-30 transits (for TRAPPIST-1 c, d, and e). However, actually confirming that a TRAPPIST-1 planet does not possess an atmosphere-even if featureless spectra lend favor to that hypothesis-will be a very difficult task, that may require thermal phase curve (Selsis et al. 2011; Maurin et al. 2012; Kreidberg & Loeb 2016; Meadows et al. 2018) or planet-planet occultation observations (Luger et al. 2017a ) to probe the day-night temperature contrast.
Comparison with Previous Works -Our results are in agreement with previous investigations on optimal ways to detect terrestrial exoplanet atmospheres of different compositions. Although emission spectroscopy has been suggested as a means of detecting terrestrial atmospheres (e.g. Belu et al. 2011 ), we agree with previous works that transmission spectroscopy is more viable (e.g. Hedelt et al. 2013; Barstow et al. 2016; Barstow & Irwin 2016; Greene et al. 2016) , particularly for temperate and cool planets which emit considerably less thermal flux. We agree with Bétrémieux & Swain (2018) that the JWST integration times needed to detect molecules strongly depend on the composition of the atmosphereparticularly the presence of high altitude aerosols.
Although we considered more atmospheric compositions, our predicted exposure times for the detection of planetary atmospheres agree for the subset of similar atmospheres modeled by Morley et al. (2017) , with many of the discrepancies attributable to differences in the assumed planetary masses used in the transmission spectrum models. Our work and that of Morley et al. (2017) has a common focus of distinguishing clear sky Venuslike atmospheres from a featureless spectrum with the NIRSpec/G235 instrument, which offers a basis for comparison. The detectability of these atmospheres is dominated by CO 2 features, which are largely unaffected by photochemistry, which was not included in Morley et al. (2017) . We find that a 10 bar CO 2 atmosphere would require 5, 8, 4, 17, 15, 16 , and 15 transits to distinguish TRAPPIST-1 b, c, d, e, f, g, and h, respectively, from a featureless spectrum, and Morley et al. (2017) find that a 1 bar aerosol-free Venus-like atmosphere would require 6, 36, 13, 4, 17, 10, and 4 transits.
The cases of largest disagreement (e.g. c, e, h) appear consistent with the different masses used in each study. Planet mass affects the atmospheric scale height (via the surface gravity) and therefore the size and detectability of molecular features in a transmission spectrum. Morley et al. (2017) used masses from Wang et al. (2017) , with the exception of TRAPPIST-1 f, for which the mass from Gillon et al. (2017) was used. In this paper, and in Lincowski et al. (2018) , we use the TRAPPIST-1 planet masses from Grimm et al. (2018) . For the case of TRAPPIST-1 c where we use a significantly smaller planet mass than Morley et al. (2017) we find that fewer transits are required to detect spectral features in transit. For the cases of TRAPPIST-1 e and h where we use a significantly larger planet mass than Morley et al. (2017) we find that more transits are required to detect spectral features. This scaling with mass is consistent with the findings of Morley et al. (2017) when they repeated calculations with masses derived from the Weiss & Marcy (2014) mass-radius relationship, and further underscores the need for accurate masses for spectral modeling and fitting.
Our focus on thicker atmospheres (1-100 bar) than Morley et al. (2017) (0.01-1 bar) both explains discrepancies between the studies and further demonstrates that such thick and aerosol-free atmospheres may be more easily detected than thinner atmospheres. Our results for TRAPPIST-1 d, where our masses agree best, show 9 fewer transits required to detect spectral features than Morley et al. (2017) , which is consistent with different planet surface pressures used in each study. Morley et al. (2017) demonstrated a trend of increasing atmospheric detectability with increasing surface pres-sure in simulations of 0.01, 0.1, and 1 bar CO 2 atmospheres. Our results continue this nearly linear trend in log-pressure out to 10 bars. However, our 92 bar CO 2 atmospheres are consistent with the detectability of our 10 bar atmospheres, indicating that this trend in pressure saturates for thick atmospheres as the planet surface drops below the atmospheric regions that are sensed with transmission spectroscopy.
The Krissansen-Totton et al. (2018) work on the detectability of biogenic gases in an anoxic atmosphere for TRAPPIST-1 e with JWST suggests that relatively few transits are required to constrain atmospheric abundances. Krissansen-Totton et al. (2018) showed that a retrieval using ∼10 transits of TRAPPIST-1 e with the NIRSpec Prism was sufficient to begin to constrain the abundances of CO, CO 2 , and CH 4 . Consequently, the 13 transits of TRAPPIST-1 e that we show may be required to detect a clear 1 bar H 2 O atmosphere to a SNR = 5, may also provide spectra that are sufficient to begin to constrain molecular abundances in an atmospheric retrieval framework.
HST transmission spectroscopy of hot gaseous exoplanets has demonstrated how the presence of clouds and hazes can diminish sensitivity to molecular absorption features (e.g. Berta et al. 2012; Ehrenreich et al. 2014; Knutson et al. 2014; Kreidberg et al. 2014; Nikolov et al. 2015; Sing et al. 2016 ), but we know a priori that planets with such large radii must have atmospheres. However, for terrestrials we will rely on absorption features to test for the presence of atmospheres, and clouds and hazes, if present, will make this more difficult. concluded that 10 transits should be sufficient to detect the dominant molecular absorber in the transmission spectrum of TRAPPIST-1f when observed using a partial saturation strategy with the NIRSpec Prism, and that additional observations are unlikely to reveal more information. While our results agree with for the case of clear atmospheres, cloudy and/or hazy terrestrial atmospheres may require significantly more observations. Venus-like planets with H 2 SO 4 aerosols tend to require more than 10 transits (and up to ∼30 for TRAPPIST1e) to reach the same confidence in the detection of the atmosphere. We recommend testing the hypothesis that a TRAPPIST-1 (or similar) planet has a clear atmosphere in ≤10 transits, and then evaluating the scientific value of additional transits to test the hypothesis that the planet has aerosols.
4.2.
What is the nature of the TRAPPIST-1 planet atmospheres?
Detecting specific molecules in JWST transmission spectra of the TRAPPIST-1 planets may be possible, and allow for the discrimination between different climate/composition states and evolutionary histories. As previously stated, CO 2 should be the easiest molecule for JWST to detect in the atmospheres of the TRAPPIST-1 planets. Due to its prevalence in these simulated atmospheres regardless of evolutionary history, CO 2 makes for a strong indicator of a terrestrial atmosphere, but a weak discriminant of specific atmospheric state. Furthermore, CO 2 produces nearly the same strength features regardless of atmospheric abundance, particularly the 4.3 and 15 µm bands, which are saturated in a Venus-like atmosphere, an O 2 outgassing atmosphere, and an Earth-like atmosphere, even though the abundance ranges from 90 bars down to 360 ppm (Lincowski et al. 2018) . Other molecules, such as O 2 , O 3 , H 2 O, and SO 2 , may be detectable with JWST and may help to distinguish between the suite of atmospheres that we considered.
Although oxygen as a biosignature may not be detectable for the potentially habitable TRAPPIST-1 planets, oxygen as a remnant of pre-main-sequence water loss may be easily detected or ruled out. We find that biogenic O 2 in the atmosphere of TRAPPIST-1e may be too difficult to detect with JWST, but the 9.6 µm O 3 feature may be weakly detectable at SNR = 3 in over 100 transits with MIRI LRS, which is in general agreement with the findings of Wunderlich et al. (2019) . However, the 1.06 and 1.27 µm O 2 -O 2 CIA features are key discriminants of a planet that has an oxygen abundance greatly exceeding biogenic oxygen production on Earth and may therefore indicate a planet that has undergone vigorous water photolysis and subsequent loss during the protracted super-luminous premain-sequence phase faced by late M dwarfs Schwieterman et al. 2016) . We find that NIRSpec G140M/H is the optimal JWST instrument for detecting these O 2 -O 2 features and could lead to their detection in as few as [7] [8] [9] 15, 8, [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] c, d, e, f, g, and h , respectively, should they possess such an atmosphere. These quoted number of transits may be sufficient to rule out the existence of oxygen-dominated atmospheres in the TRAPPIST-1 system. Additional evidence of ocean loss could be provided by detection of isotope fractionation, which may also be possible in as few as 11 transits with JWST, for strong isotopologue bands such as HDO (Lincowski et al. 2019) .
Detecting ozone absorption may be another strong indicator of a post-runaway, oxygen-dominated atmosphere. For the 10 bar desiccated O 2 atmospheres, ozone absorption features become more detectable for the outer planets. Targeting O 3 at 9.6 µm with MIRI LRS is optimal for the inner planets (b, c, d, e) , although it may require upwards of 100 transits to detect at SNR = 5. However, targeting the weaker O 3 bands between 3 -5 µm with NIRSpec G395M/H or NIRSpec Prism is optimal for the outer planets (f, g, h), due to their larger ozone column abundances. The O 2 -O 2 CIA bands for these cooler, desiccated planets are more difficult to detect, which may make O 3 a more efficient observational discriminant for such a planet.
The photochemistry underlaying the detectable ozone buildup in the cooler planets has implications beyond the TRAPPIST-1 system. Lincowski et al. (2018) noted that the competing effects of the Chapman cycle (with declining photolysis rates with distance from the star), was primarily responsible for the ozone accumulation in the atmospheres of the outer planets, an effect previously noticed by Grenfell et al. (2007) . While this is a driving factor, the differences among the planets can more specifically be attributed to catalytic cycles of nitrogen oxides (primarily, N 2 O, NO, and NO 2 ), which drive the destruction of O 3 , as in the stratosphere of Earth (Seinfeld & Pandis 2006) . Because these atmospheres contain N 2 , O 1 D produced from photolysis of oxygen-bearing molecules can react with N 2 to generate nitrogen oxides. The availability of O 1 D declines with distance from the star due to lower UV fluxes. Beginning with planet e, the production of nitrogen oxides declines substantially, removing them as a mechanism for the destruction of O 3 , so that O 3 accumulates and becomes well-mixed, generating a large column density. In the atmosphere of an O 2 -dominated atmosphere without N 2 , O 3 levels would likely be higher due to the lack of the nitrogen oxide catalysts.
Detecting water in the atmospheres of the TRAPPIST-1 planets may also help to constrain evolutionary scenarios. The presence of water may be readily detectable for TRAPPIST-1 b, c, and d with the NIRSpec Prism* if they possess high O 2 atmospheres that have not been completely desiccated. High O 2 atmospheres for planets that exited the pre-main-sequence with their atmospheres and interiors completely desiccated, however, will have no water to detect, making water in an oxygendominated atmosphere a potentially detectable discriminant of incomplete desiccation or outgassing from the interior. In CO 2 -dominated atmospheres, H 2 O may be prohibitively difficult to detect due to its scarcity in the atmospheres of Venus-like worlds, before even considering obscuration by H 2 SO 4 clouds.
Detecting water in the atmosphere of one of the potentially habitable TRAPPIST-1 planets could indirectly hint at surface habitability (Robinson 2018) , but this will be challenging for JWST, even with an ideal system like TRAPPIST-1. Tropospheric H 2 O may be detectable in the transmission spectrum of TRAPPIST-1 e in ∼35 transits with NIRSpec Prism* should the planet have a clear-sky 1-bar N 2 /O 2 atmosphere with H 2 O. However, the cold trap that keeps water vapor concentrated in the lower atmosphere makes habitability difficult to infer with transmission spectroscopy, which cannot readily probe surface environments. Additionally, we find that 100% cloud coverage strongly increases the required JWST time to detect H 2 O in such a habitable atmosphere. Given these difficulties for detecting water in the atmosphere of a HZ planet with JWST, robust habitability assessments may ultimately require a future direct imaging telescope that can readily probe rocky planet surfaces to search for more direct evidence of surface liquid water (e.g. Cowan et al. 2009; Robinson et al. 2010; Lustig-Yaeger et al. 2018 ).
Further Considerations
The results in this paper lean optimistic, and therefore represent lower limits on the amount of observing time needed to detect and characterize evolved terrestrial atmospheres in the TRAPPIST-1 system. As a result, TRAPPIST-1 observing plans that include fewer transits/eclipses than reported here may require additional observations to make robust inferences on the existence and nature of atmospheres. One source of optimism is that our SNR approach (see Equation 6) to atmospheric and molecular detection, rather than a full atmospheric retrieval, implicitly assumes that any retrieval will have converged on the true underlying spectrum. As a result, our signal-to-noise metric is not equal to a detection of that specific atmosphere to a given significance (e.g. 3σ). In practice, many different atmospheric compositions will likely be capable of fitting JWST spectra of TRAPPIST-1 planets, potentially leaving large regions of atmospheric parameter space unconstrained. Thus, the confidence of any "one" composition representing the true state of the planet may remain low despite having high confidence in the presence of features in the spectrum that would indicate the presence an atmosphere. Our approach is simply a wavelength range and resolution agnostic method to quantify the detectability of spectral signals emanating from self-consistent atmospheres above the expected noise of JWST.
Our calculations also lean optimistic because we have neglected astrophysical and systematic sources of noise that may make precise time-series exoplanet observations with JWST more difficult than our estimates sug-gest. Stellar effects such as limb-darkening (e.g. Csizmadia et al. 2013 ) and heterogeneous photospheres (e.g. Rackham et al. 2016; Rackham et al. 2018; Zhang et al. 2018) are major concerns for precision exoplanet transmission spectroscopy. These effects may be particularly perilous for observations of planets orbiting low mass stars, as the stars may contain large, cool spots and absorbing molecules in their photospheres. We also did not assume a systematic noise floor for any JWST instruments (e.g. Greene et al. 2016 ), but this is likely optimistic in terms of the currently unknown on-target performance. Astrophysical and systematic effects must be well understood to detect molecular features at the ∼10 ppm level, where many terrestrial features reside. However, many of the major absorption features in our TRAPPIST-1 planet spectral models are much larger and more detectable, spanning 50-200 ppm.
During the preparation of this paper, a new version of Pandeia was released (version 1.3) that increased JWST background noise predictions by 10-40 ppm. For bright targets like TRAPPIST-1 where the noise budget is dominated by stellar photon noise, such an increase in the background has a negligible effect on our estimated number of transits and eclipses to detect and characterize exoplanet atmospheres in the near-through the mid-IR.
We considered a limited number of atmospheres that may not resemble the true state of the TRAPPIST-1 planets, especially since the star's UV spectrum is poorly constrained. Here, as in Lincowski et al. (2018) , we used a UV spectrum scaled from measurements of the nearby mid M dwarf Proxima Centauri, but these stars have slightly different spectral types and activity levels. Recently, three synthetic SEDs have been produced by Peacock et al. (2019) for TRAPPIST-1, which are constrained by the Lyman alpha flux and upper limits of GALEX UV photometry. These synthetic spectra differ by having higher NUV and a different distribution of FUV flux than Lincowski et al. (2018) , which could slightly change the photochemistry of these planetary atmospheres and the observable molecular absorption in their upper atmospheres. However, only observationsincluding those outlined in this paper-will ultimately reveal what planetary processes dominate in sculpting the observable atmospheric signatures of terrestrial exoplanets, particularly those orbiting M dwarfs. In the mean time, further study is warranted on the range of possible atmospheric conditions for the TRAPPIST-1 planets, particularly photochemically and climatically self-consistent reducing atmospheres (e.g. Arney et al. 2017) , and UV characterizations of late M dwarfs to improve photochemical predictions and interpretation of observations.
Although the atmospheric states considered in this paper represent only a selection of possible states, many of their characteristics and molecular features may exist in other atmospheres, making our results apply more broadly. For example, the strength of the H 2 O, CO 2 , and O 3 bands in the O 2 -dominated outgassing atmospheres may be similar in other clear atmospheres that may contain more inert gasses, like N 2 . Our JWST detectability calculations for these gases may be useful beyond that particular atmospheric case. The O 2 -O 2 features, however, are specific evidence of high O 2 content. Since all of the atmospheres considered in this work were high mean molecular weight, our results help to elucidate the detectability of such atmospheres and the molecules within, even if the true compositions differ.
Constraining the atmospheres of Earth-size planets transiting even the smallest stars like TRAPPIST-1 will require pushing the limits of JWST. As we demonstrated with the NIRSpec Prism partial saturation, alternate JWST modes that can improve observations of transiting exoplanets can enhance the science return, and dramatically decrease the time investment required to detect and characterize terrestrial atmospheres. Although modes such as NIRCam's Dispersed Hartmann Sensor (DHS; Schlawin et al. 2017 ) and high efficiency readout patterns for NIRSpec Prism have not been officially approved, they represent promising avenues towards improved JWST observations that may ultimately make the difference in enabling JWST to constrain terrestrial exoplanet atmospheric compositions.
CONCLUSION
We investigated the potential to detect and characterize the atmospheres of all seven known TRAPPIST-1 exoplanets with JWST. Although the planets are small and likely possess high mean molecular weight atmospheres with relatively low scale heights, we found that many molecular absorption features may be detectable with JWST in ∼2-15 transits. These observations may be used to diagnose the presence of atmospheres and, in some cases, discriminate between different plausible atmospheric compositions.
However, we find that an initial photometric assessment of the TRAPPIST-1 planets with MIRI is, perhaps non-intuitively, not as efficient as spectroscopic atmosphere detection in the NIR. To achieve comparable constraints on the detection of atmospheres approximately an order of magnitude more transits or eclipses will need to be observed with MIRI, compared to transits observed with spectrometers in the NIR.
Transmission spectroscopy with NIRSpec Prism may be the most efficient path to detect the presence of atmospheres for the TRAPPIST-1 planets, via detecting CO 2 bands between 1-5 µm. Venus-like atmospheres with high altitude H 2 SO 4 aerosols will be more difficult to detect in transmission and emission spectra, however, these aerosols will form at lower altitudes for the temperate and cooler planets such that they obscure less molecular absorption in transmission spectra. Furthermore, post-runaway oxygen-dominated worlds may be identified in transmission using (1) O 2 -O 2 CIA observed with NIRSpec G140M/H, NIRSpec Prism, or NIRISS SOSS, or (2) O 3 absorption observed with MIRI LRS (for b, c, d, and e) or NIRSpec G395M/H (for f, g, and h). If TRAPPIST-1 e is habitable and cloud-free, water could be detected in the troposphere with NIRSpec Prism in about 35 transits, but the presence of water clouds could completely obscure the water vapor absorption features.
We outlined a particular path for characterising the TRAPPIST-1 planets with JWST that narrows down the possible evolutionary histories that the planets may have trod to exist in their current observable states. We recommend using transmission spectroscopy to 1. detect the planet atmospheres via CO 2 absorption; 2. detect or rule out a post-runaway oxygen-dominated atmospheres via O 2 -O 2 CIA or O 3 absorption;
3. constrain the extent of (atmosphere and interior) desiccation, and potentially the habitability, via the H 2 O abundance. However, our results may be used to construct countless additional observing strategies that best augment existing projects and proposals with our testable hypotheses on the nature of TRAPPIST-1 system of Earth-sized exoplanets.
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For primary transit, the signal of interest is the number of photons missing when the star is occulted by the planet. Neglecting photons emitted and reflected by the planet prior to and during transit, the out-of-transit photon fluence is measured as
where n out is the time of measurement outside of transit in units of the transit duration, and N s and N bg are the total number of photons counted over a transit duration. The in-transit photon fluence measured is
The number of stellar photons blocked by the planet can be estimated from
this is the signal we seek to measure. The noise on N sp can be calculated by considering the variance given standard uncorrelated error propagation:
Finally, the signal-to-noise ratio on the transit depth can be constructed by dividing the blocked photons N sp by the standard deviation on that estimate:
For secondary eclipse, the signal of interest is the number of photons missing when the planet is occulted by the star, which is measured assuming that the star is not varying. In this case, the out-of-eclipse photon fluence is measured as
where n out is the time of measurement outside of eclipse in units of the eclipse duration, N p is the total number of planet photons over an eclipse duration, and the sum of N p , N s and N bg is the total number of photons counted over an eclipse duration. The in-eclipse photon fluence measured is
which allows the planet photon counts to be estimated as
Again, analogous to the transit calculation, the noise term can be calculated by considering the variance on N p given standard error propagation:
where we have used the fact that N out has a variance of N out . Substituting in for N out and N ec gives:
Finally, the signal-to-noise ratio on the eclipse depth can be constructed by dividing the estimated planet photons by the standard deviation on that estimate:
B. ATMOSPHERIC DETECTABILITY BY INSTRUMENT Figures 13, 14, 15, 16, 17, 18, and 19 , show the number of transits needed to detect the atmospheres of TRAPPIST-1 b, c, d, e, f, g, and h, respectively, as a function of both atmospheric compositions and JWST instrument/mode. The detection of an atmosphere requires SNR = 5 on spectral features in the transmission spectrum.
C. BRIGHTNESS TEMPERATURES Table 3 shows the brightness temperature of each Lincowski et al. (2018) TRAPPIST-1 atmospheric model in each of the JWST/MIRI photometric filters and the two warm Spitzer bands. 8 Figure 18 . Number of TRAPPIST-1g transits necessary to rule out a featureless spectrum with SNR = 5 for different atmospheric compositions and using different JWST instruments and modes. 6 Figure 19 . Number of TRAPPIST-1h transits necessary to rule out a featureless spectrum with SNR = 5 for different atmospheric compositions and using different JWST instruments and modes. 
